194

JOURNAL OF THE ATMOSPHERIC SCIENCES

The UARS and EOS Microwave Limb Sounder (MLS) Experiments

VOLUME 56

J. W. WATERS, W. G. READ, L. FROIDEVAUX, R. F JARNOT, R. E. CorlELD, D. A. FLOWER, G. K. LAU,

Z. SHIPPONY, P. H. SIEGEL, AND R. P THURSTANS

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

R. S. HARwooD, H. C. PUMPHREY, AND M. J. FILIPIAK
Department of Meteorology, Edinburgh University, Edinburgh, United Kingdom

(Manuscript received 2 September 1997, in final form 24 June 1998)

ABSTRACT

The Microwave Limb Sounder (MLS) experiments obtain measurements of atmospheric composition, tem-
perature, and pressure by observations of millimeter- and submillimeter-wavelength thermal emission as the
instrument field of view is scanned through the atmospheric limb. Features of the measurement technique include
the ability to measure many atmospheric gases as well as temperature and pressure, to obtain measurements
even in the presence of dense aerosol and cirrus, and to provide near-global coverage on a daily basis at all
times of day and night from an orbiting platform. The composition measurements are relatively insensitive to
uncertainties in atmospheric temperature. An accurate spectroscopic database is available, and the instrument
calibration is also very accurate and stable. The first ML S experiment in space, launched on the (NASA) Upper
Atmosphere Research Satellite (UARS) in September 1991, was designed primarily to measure stratospheric
profiles of ClO, O,, H,O, and atmospheric pressure as a vertical reference. Global measurement of ClO, the
predominant radical in chlorine destruction of ozone, was an especially important objective of UARSMLS. All
objectives of UARS MLS have been accomplished and additional geophysical products beyond those for which
the experiment was designed have been obtained, including measurement of upper-tropospheric water vapor,
which is important for climate change studies. A follow-on MLS experiment is being developed for NASA's
Earth Observing System (EOS) and is scheduled to be launched on the EOS CHEMISTRY platform in late
2002. EOS MLS is designed for many stratospheric measurements, including HO, radicals, which could not be
measured by UARS because adequate technology was not available, and better and more extensive upper-
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tropospheric and lower-stratospheric measurements.

1. Introduction

Microwave limb sounding obtains remote measure-
ments of atmospheric parameters by observations of
millimeter- and submillimeter-wavelength thermal
emission as the instrument field of view (FOV) is
scanned through the atmospheric limb from above. De-
velopment of the Microwave Limb Sounder (MLS) ex-
periments began at the Jet Propulsion Laboratory (JPL)
in the mid-1970s and included instruments deployed on
aircraft (Waters et al. 1979; Waters et al. 1980) and
balloons (Waters et al. 1981; Waters et al. 1984; Waters
et al. 1988; Stachnik et a. 1992) prior to application of
the technique from space. The measurement technique
is described by Waters (1989, 1992a,b, 1993). Its fea-
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turesinclude 1) the ability to measure many atmospheric
gases, with emission from molecular oxygen providing
temperature and pressure; 2) measurements that can be
made reliably, even in the presence of heavy aerosol,
cirrus, or polar stratospheric clouds that can degrade
ultraviolet, visible, and infrared techniques; 3) the abil-
ity to make measurements at all times of day and night
and provide near-global coverage on a daily basis; 4)
the ability to spectrally resolve emission lines at all
atitudes, which alows measurements of very weak
lines in the presence of nearby strong ones; 5) com-
position measurements that are relatively insensitive to
uncertainties in atmospheric temperature; 6) a very ac-
curate spectroscopic database; and 7) instrumentation
that has very accurate and stable calibration, adequate
sensitivity without necessarily requiring cooling, and
provides good vertical resolution set by size of the an-
tenna. New miniature integrated circuit technology for
microwave radiometers (Weinreb 1997), now being
studied for use in afuture experiment, can provide good
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Fic. 1. Signal flow block diagram of the Upper Atmosphere Research Satellite (UARS) Microwave Limb Sounder (MLS) instrument.

horizontal resolution (including complete coverage be-
tween orbits) by allowing implementation of an array
of radiometers with multiple FOV s simultaneously scan-
ning the l[imb at different azimuth angles (Waters 1998).
Spectral line frequencies and strengths used for in-
terpreting the MLS atmospheric measurements are
available from the JPL Submillimeter, Millimeter, and
Microwave Spectral Line Catalog (Pickett et al. 1992).
Accuracy of line frequenciesistypically seven digits or
more and that of line strengths is typically four digits.
The catalog database can be searched to ensure that all
gases that might contribute significant amounts to the
MLS signals are included in the data processing. Line-
broadening parameters are obtained from laboratory
measurements, for example, Pickett et al. (1981) and
Oh and Cohen (1992, 1994), with uncertainties as low
as ~3%. More laboratory measurements and better the-
oretical models of ‘‘continuum absorption” by water
vapor and dry air would be helpful for improving the
accuracy of MLS upper-tropospheric measurements.

2. The UARS Microwave Limb Sounder
a. Some general information on UARS MLS

The MLS launched 12 September 1991 on the Upper
Atmosphere Research Satellite (UARS) (e.g., Reber

1993; Reber et al. 1993; Waters 1997; Dessler et al.
1998) is the first application of the microwave limb
sounding technique from space. A somewhat similar
experiment, the Millimeter-Wave Atmospheric Sounder
has been flown on three space shuttle missions (Hart-
mann et al. 1996). The UARS MLS development was
led by the California Institute of Technology Jet Pro-
pulsion Laboratory, with collaboration from Rutherford
Appleton Laboratory, Heriot-Watt University, and Ed-
inburgh University in the United Kingdom. The instru-
ment (Barath et al. 1993) uses ambient-temperature dou-
ble-sideband heterodyne radiometers that operate near
63 GHz (designed to measure stratospheric pressure, but
also provide stratospheric temperature), 205 GHz (de-
signed to measure stratospheric ClO, O, and H,0,), and
183 GHz (designed to measure stratospheric and me-
sospheric H,O and O,). A complete limb scan and ra-
diometric calibration are performed every ~65 sduring
normal operations. Figure 1 shows a signal flow block
diagram of the UARS MLS instrument. Calibration, de-
scribed by Jarnot et al. (1996), is accurate to ~3% (30)
overal in the most critical spectral bands. Lau et al.
(1996) analyze the low-frequency 1/f noise of the in-
strument.

Figure 2 shows an example of spectra measured by
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Fig. 2. CIO atmospheric thermal emission measured by UARS MLS and calculated from retrieved ClO vertical profiles (from Waters et
a. 1996). The left panels are for lower-stratospheric ClO, where the tangent point of the MLS FOV was between 22- and 100-hPa tangent
pressure, and the measured spectrum is the average of data from 16 daytime limb scans made in the Antarctic vortex on 16 August 1992.
The right panels are for upper-stratospheric ClO, where the tangent point of the MLS FOV was between 2.2- and 10-hPa tangent pressure,
and the measured spectrum is the average of 548 daytime limb scans made between 34°S and 80°N latitudes on 11 July 1993. The middle
panels are the average of spectra calculated from individual ClO retrievals from these limb scans, and the bottom panels are the difference
between measured and calculated. The horizontal bars indicate the spectral resolution of individual filters (all of which are sampled simul-
taneously) and the vertical bars indicate the expected noise in the average.

MLS and illustrates its ability to spectrally resolve in-
dividual emission lines. Having several spectral chan-
nels covering a single emission line, and resolving this
line at all atitudes of interest, provides robust mea-
surements since geophysical quantities can be obtained
from the channel-to-channel spectrally varying com-
ponent of the measured thermal emission. Extraneous
effects, such as stray radiation, generally have spectrally
flat emission over the spectral range used for measure-
ments, and their uncertainties do not usually have first-
order effectson theretrievals of geophysical parameters.
Figure 3 shows 205-GHz radiances from the lower

stratosphere measured by UARS ML S when the Tropics
contained very heavy loading of aerosol from the Mount
Pinatubo volcano. No effect of the aerosol on the MLS
radiances is seen, as expected from theoretical consid-
erations, with an observed upper limit of ~0.1%.
Validation of the MLS primary data products, and
their accuracies and precisions, are described in aspecial
issue of the Journal of Geophysical Research (volume
101, number D6, 30 April 1996) on UARS data eval-
uation: temperature/pressure by Fishbein et al. (1996);
O, by Froidevaux et al. (1996), Cunnold et al. (19963,
b), and Ricaud et al. (1996); H,O by Lahoz et al.
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Fic. 3. MLS 205-GHz radiances (wing channel of ClIO band) from the lower stratosphere (mea-
surements interpolated to 50-hPa tangent pressure) vs latitude on 21 September 1991. The tropical
lower stratosphere had very heavy loading of aerosol from the Pinatubo volcano at this time, but
the MLS radiances are not noticeably affected by this aerosol layer, as expected, with an obser-
vational upper limit of ~0.1% opacity through the limb path.

(1996a); and CIO by Waters et al. (1996). Figure 4
shows the agreement obtained between ML S and some
other well-calibrated measurements of the stratospheric
O, profile. Additional results relevant to validation of
these MLS measurements are included in Aellig et al.
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FiG. 4. Results of comparing ML S ozone with other well-calibrated
near-coincident measurements (adapted from Froidevaux et al. 1996
and Cunnold et al. 1996a). Points A are the average differences of
Stratospheric Aerosol and Gas Experiment (SAGE Il) measurements
selected in low aerosol situations, covering 25°-55°N latitudes, and
made between September 1991 and December 1993. Points T are
average differences of 295 Table Mountain (34°N), California, lidar
profiles. Points B are average differences of 42 Boulder (40°N), Col-
orado, ozonesondes. Points U are average differences of eight bal-
loon-borne ultraviolet photometer profiles, and points S are average
differences of five balloon-borne SLS profiles.

(1996), Crewell et al. (1995), Redaelli et a. (1994),
Singh et al. (1996), and Wild et al. (1995). Although
MLS was designed to include measurement of H,O,,
this was predicated on stratospheric H,O, being amajor
odd-hydrogen reservoir in the midstratosphere with pre-
dicted abundances of ~10 parts per billion by volume
(ppbv) at the time of UARS MLS design. Refinements
to parameters used for the theoretical predictions, and
measurements (e.g., Chance et al. 1991), now indicate
only ~0.1 ppbv H,0, in the stratosphere; preliminary
detection of asignal, corresponding to ~0.1 ppbv H,0,,
has been obtained in averages of the MLS radiances
(unpublished results). Additional data products obtained
from UARSMLS, beyond that for which the instrument
was primarily designed, include SO, injected into the
stratosphere by the Pinatubo volcano (Read et. al. 1993),
upper-tropospheric H,O (e.g., Read et al. 1995), lower-
stratospheric HNO, (Santee et al. 1995; Santee et al.
1997; Santee et al. 1998), temperature variances asso-
ciated with atmospheric gravity waves in the strato-
sphere and mesosphere (Wu and Waters 1996a,b, 1997),
detection of cirrus ice near the tropopause (D. L. Wu
1998, manuscript in preparation), and tentative mea-
surement of stratospheric CH,CN (N. J. Livesey 1998,
manuscript in preparation). Fourier transform tech-
niques applied to mapping MLS data are described by
Elson and Froidevaux (1993). Figure 5 shows the ver-
tical range of measurements published to date from
UARS MLS. Recent work (D. L. Wu 1998, manuscript
in preparation) has extended the temperature measure-
ment upward to ~85 km altitude.

UARS was designed for an 18-month duration mis-
sion, but at the time of writing, the MLS (along with
most other UARS instruments) continuesto operate after
~7 yr in orbit with no degradation in its 63- and 205-
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FiG. 5. Vertical range of published measurements obtained from
UARS MLS. Solid lines indicate useful individual profiles. Dotted
lines indicate zonal (or other) means, and the dashed line for ClO at
lower atitudes indicates individual measurements when CIO is en-
hanced in the polar winter vortices. Additional measurements, not
yet published, include cirrus ice near the tropopause, tentative de-
tection of stratospheric CH,CN and H,0,, and atmospheric temper-
ature up to ~85 km.

GHz measurements except for time-sharing of these
measurements with those of other UARS instruments
due to decreases in power available from the spacecraft.
The MLS 183-GHz radiometer failed in April 1993 after
18 months of excellent data had been obtained. The 63-
GHz radiometer was turned off on 13 July 1997 to re-
duce MLS power consumption due to failure of a UARS
battery; it has remained off to date (July 1998) with the
tangent pressure information needed during data pro-
cessing obtained from the measured 206-GHz ozone
linewidth. Updated information can be obtained from
the MLS Web site (http://mls.jpl.nasa.gov).

b. UARS MLS results related to ozone loss in
polar regions

Early results from UARSML S included the first maps
of stratospheric ClO, the predominant form of chemi-
cally reactive chlorine involved in the destruction of
stratospheric O, throughout the winter vortices of both
the Antarctic and Arctic. Initial results (Waters et al.
1993a; Waters et al. 1993b; see also Chipperfield 1993)
showed the lower-stratospheric Antarctic vortex to be
filled with CIO in the region where O, was depleted,
confirming earlier conclusions from ground-based and
aircraft instruments that chlorine chemistry is the cause
of the Antarctic ozone hole. They showed (Fig. 6) that
ClO in the sunlit portion of the Antarctic vortex can
become enhanced by June and that O, destruction by
ClO is masked in the early Antarctic winter by influx
of O, expected from diabatic descent. Enhanced CIO in
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the Antarctic vortex has been observed by MLS as early
as late May to mid-June in each of its six years of
operation to date; Fig. 7 shows maps for the earliest day
each year when enhanced Antarctic ClO was observed
by MLS. Recent analyses (Roscoe et al. 1997) of
ground-based measurements and models aso indicate
Antarctic ozone loss starting in midwinter. Early MLS
results showed that the Arctic winter lower-stratospheric
vortex can also become filled with enhanced CIO, cor-
responding to calculated vortex-averaged O, destruction
rates of ~0.7% per day. Filling, or near filling, of the
lower-stratospheric Arctic winter vortex (as well as the
Antarctic vortex) with enhanced CIO has been a recur-
rent feature observed by MLS over severa years; Fig.
8 shows maps from selected days in the 1991-92 and
199697 winters. Results from 3D models (Douglass et
al. 1993; Geller et al. 1993; Lefevre et al. 1994), pro-
duced shortly after the MLS results were obtained,
showed the observed distribution and evolution of en-
hanced Arctic CIO were consistent with chemical-trans-
port model predictions. The maximum ClO abundances
reported from MLS, however, are dlightly larger than
predicted from the models (Lefevre et al. 1994; Lutman
et al. 1997). Recent unpublished results indicate that
MLS maximum values of enhanced lower-stratospheric
ClO may be reduced slightly by retrievals with better
vertical resolution, and this is currently under study.
A clear relationship was found between enhanced
Arctic ClO observed by ML S and predicted polar strato-
spheric cloud formation along back trajectories asso-
ciated with the enhanced ClO; sporadic large values of
ClO seen by MLS outside the vortex were shown to be
consistent with that expected to be caused by instrument
noise (Schoeberl et al. 1993). Differences between the
Arctic and Antarctic winter vortex conditions deduced
from MLS observations are described by Santee et al.
(1995), and deduced from combined MLS, CLAES
(Cryogenic Limb Array Etalon Spectrometer; Roche et
al. 1993), and HALOE (Halogen Occultation Experi-
ment; Russell et al. 1993) databy Douglasset al. (1995).
One difference between the Arctic and Antarctic is the
decreased amount of HNO, in the Antarctic winter vor-
tex relative to the Arctic, as shown in Fig. 9. HNO,
provides a source of NO, that quenches reactive chlo-
rine, and the depletion of HNO, over Antarctica leads
to longer duration of enhanced ClIO and extended de-
pletion of O, there. The smaller Antarctic abundances
of HNO, can be traced to the lower temperatures and
their longer duration in the Antarctic where polar strato-
spheric cloud particles containing HNO, can settle out
of the stratosphere. Analyses of MLS HNO, observa-
tions through several Antarctic winters (Santee et al.
1998) have provided implications for processes related
to formation of polar stratospheric clouds; they indicate
that ternary solutions (Tabazadeh et al. 1994) play an
important role. Analyses by Massie et al. (1997) of
MLS, CLAES, and Improved Stratospheric and Meso-
spheric Sounder (Taylor et a. 1993) measurements over
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Fic. 7. MLS maps on the 465-K potential temperature surface for the earliest day each year on which MLS observed enhanced CIO in
the Antarctic vortex. White contours are potential vorticity asin Fig. 6. The dashed curve is the edge of daylight for the measurements, and
the solid black curves are temperatures of 195 and (when they exist) 188 K. These are not necessarily the earliest days each year Antarctic
ClO was enhanced, just the earliest at which it was observed by MLS. Only in 1993 did MLS observations occur through the period of
initial enhancement of Antarctic ClO; due to the UARS yaw state, or to operational constraints, observations in other years did not cover
the period of transition to enhanced ClO. Differences from the 2 June 1992 CIO map in Fig. 6 are because MLS version 3 data are used in

Fig. 6 whereas version 4 data are used here.

Scandinavia during 9-10 January 1991 imply initial po-
lar stratospheric cloud (PSC) growth processes that
transform sulfate droplets into ternary droplets or nitric
acid dihydrate particles. A maor question for future
Arctic ozone loss is the extent to which the decrease in
Arctic lower-stratospheric temperatures, possibly ex-
pected from increasing greenhouse gases, will lead to
more Arctic ozone loss (due to strong nonlinear tem-
perature dependence of the responsible mechanisms)
even though stratospheric chlorine abundances should
slowly start decreasing with the cessation in industrial
production of source gases (e.g., Shindell et al. 1998;
Salawitch 1998). Figure 10 compares conditions ob-
served in the Arctic lower stratosphere on 20 February

1996 (one of the coldest days in the Arctic lower strato-
sphere during the period of MLS observations to date)
with those observed in the Antarctic lower stratosphere
on 30 August 1996. Similarities between the Arctic and
Antarctic in regard to conditions affecting ozone de-
pletion are evident.

Definitive loss of Arctic ozone due to chemistry as-
sociated with the enhanced CIO was determined from
analyses of combined MLS and CLAES databy Manney
et al. (1994). Bell et a. (1994) found the expected an-
ticorrelation between enhanced Arctic ClO measured by
MLS and HCI measured from the ground. Additional
confirmation of the paradigm of chemical processing by
polar stratospheric clouds |eading to activation of strato-
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Fic. 8. MLS maps of lower-stratospheric CIO on 11 January 1992 (adapted from Waters et al. 1993b)
and 20 February 1997 (adapted from Santee et al. 1997). These maps are for data interpolated to 465-K
potential temperature. The white contours are potential vorticity values (2.5 and 3.0 X 1075 K m? kg
s1), which indicate the approximate edge of the Arctic vortex. The dashed curve on the 11 January 1992
map marks the edge of daylight for the measurements, and the solid black curves are temperatures of

195 and (for the 20 February 1997 map) 188 K.

spheric chlorine is shown in the analyses of Northern
Hemisphere CLAES, MLS, and HALOE data by Geller
et al. (1995), and in Southern Hemisphere MLS and
CLAES databy Ricaud et al. (1995; Ricaud et al. 1998).
Mackenzie et a. (1996) compare lower-stratospheric
vortex ozone destruction calculated from the MLS ClIO
with the MLS-observed change in O, for the northern
winter of 1992-93 and southern winter of 1993. Ad-
ditional comparisons between MLS observations and
model results for polar chemistry are given by Eckman
et a. (1995), Chipperfield et al. (1996), and Santee et
al. (1996a). Schoeberl et al. (1996) use MLS, HALOE,
and CLAES data in an analysis of the development of
the Antarctic ozone hole. MLS measurements of Arctic
ClO and O, for the six northern winters observed to
date are described in the collective papers of Manney
et a. (1994), Manney et a. (1995a), Manney et al.
(1995b), Manney et al. (1996a), Manney et al. (1996b),
Manney et al. (1997), Santee et al. (1995), Santee et al.
(1996b), Santee et al. (1997), Waters et al. (1993b), and
Waters et al. (1995). The largest vortex-averaged abun-
dances of ClO in the Arctic and the largest Arctic ozone
loss observed to date (through the 1997-98 northern
winter) by MLS occurred in the 1995-96 winter (Man-
ney et al. 1996b; Manney et al. 1997; Santee et al.
1996b; Manney et a. 1997). Low ozone ‘‘pockets’ in
the midstratospheric winter anticyclone have aso been
observed in MLS data and analyzed by Manney et al.
(1995c), who show these cannot be explained solely by
transport. Analyses by Nair et al. (1998) and Morris et
al. (1998) indicate these pockets are formed when par-

cels of air are confined at high latitudes where odd-
oxygen production is reduced and ozone relaxes to a
lower photochemical equilibrium value.

c. UARS MLSresults related to high-latitude
atmospheric dynamics

MLS observations have been used in several studies
to provide information on vortex and high-latitude dy-
namics. Harwood et al. (1993) studied the effects of the
breakup of the Antarctic vortex on the water vapor dis-
tribution during September and November 1991 and,
among other things, showed large parcels of air from
the Antarctic vortex migrating to midlatitudes (Fig. 11).
Manney et al. (1993) describe the evolution of ozone
observed by ML S in relation to the Antarctic polar vor-
tex in August and September 1992, and Fishbein et al.
(1993) analyze waves seen in MLS observations of
stratospheric temperature and ozone during this period.
Lahoz et al. (1993) and Lahoz et al. (1994) use MLS
H,0O, CLAESN,0O, and U.K. Meteorological Officedata
to study the evolution of midstratospheric water vapor
and vortex processesin the Northern Hemisphere winter
of 1991-92; Lahoz et al. (1996b) do a similar study for
the Southern Hemisphere winter of 1992. Manney et al.
(1995d) and Manney et al. (1995€) compare Lagrangian
transport calculations with MLS observations of H,O
and O,, and CLAES observations of N,O and CH,.
Morris et a. (1995) apply a trajectory mapping tech-
nique to compare MLS and HALOE water vapor mea-
surements and analyze dynamical wave-breaking
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Fic. 9. MLS maps of lower-stratospheric CIO and HNO, on 22 February 1993 (top) and 17 August 1992
(bottom) comparing Arctic and Antarctic CIO and HNO, (adapted from Santee et al. 1995). The data are inter-
polated to 465-K potential temperature and white irregular contours are of potential vorticity, asin Figs. 6 and
8, which indicate the approximate edge of the polar vortices. The thin white contour concentric with the south
pole is the edge of polar night, and green contours on the CIO maps indicate temperatures of 195 and 188 K.

events. Orsolini et al. (1997), Orsolini et a. 1998), and
Manney et a. (1998a) use MLS O, data to initialize a
high-resolution transport model and analyze ozone lam-
inae along the Arctic polar vortex edge seen in lidar
and ozonesonde data.

d. UARS MLSresults related to global distributions
and variations of atmospheric parameters

An overview of zonal mean O, results from the first
two-and-a-half years of MLS operation is given by Fro-
idevaux et al. (1994); in addition to features observed
in stratospheric O,, this work includes initial results of
examining residual differences between the stratospher-
ic O, column from MLS and the total O, column from
the Total Ozone Mapping Spectrometer (TOMS), with
information on tropospheric ozone as the ultimate goal.
Analyses by Ziemke et al. (1996) using these datasets

have shown zonal asymmetriesin Southern Hemisphere
column ozone that have implications of biomass burn-
ing. Elson et al. (1994) describe large-scale variations
observed in MLS O, and Elson et al. (1996) show zonal
and large-scale variations in MLS H,O. Pumphrey and
Harwood (1997) analyze MLS radiance data to obtain
information on variations of H,O and O, throughout the
mesosphere and show that H,O in the mesosphere is
transported mainly by advection. Future processing of
MLS data will use nonlinear retrieval agorithms for
H,O, which should improve the standard MLS H,O
product, especially in the mesosphere and lower strato-
sphere (Pumphrey 1998). Mote et al. (1998) use results
from these prototype nonlinear retrievalsto analyze sub-
seasonal variationsin tropical lower-stratospheric water
vapor. Morrey and Harwood (1998) analyze the version
4 MLS water vapor and see major interhemispheric dif-
ferences in lower-stratospheric water vapor content of
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Fic. 11. MLS maps of water vapor and ozone at 655-K potential temperature (~25 km) on 4 and 5
November 1991 (adapted from Harwood et al. 1993).

the winter polar vortices, as expected, but at midlati-
tudes find only small interhemispheric differences that
are not strongly related to the dehydration of the Ant-
arctic vortex. Randel et al. (1995) include MLS and
HALOE data in analyzing changes in stratospheric
ozone following the Pinatubo eruption. Randel et al.
(1998) analyze seasonal cycles and quasi-bienniel os-
cillation variations in HALOE data, using water vapor
data from MLS to fill in winter polar latitudes where
HALOE data are not available. Dessler et al. (1995)
found that incorporation of O, measured by MLS into
chemical relationships improved comparison between
predicted correlations of HCI and CIONO, and those
measured by HALOE and CLAES. Chandraet al. (1996)
use MLS data in examining ozone variability in the
upper stratosphere during the declining phase of solar
cycle 22. Hood and Zhou (1998) use MLS ozone and
temperature data, and UARS Solar-Stellar Irradiance
Comparison Experiment (Rottman et al. 1993) solar ul-

traviolet data, to analyze the stratospheric effects of 27-
day solar ultraviolet variations.

The zonal mean latitudinal distribution of CIO ob-
served by MLS in the upper stratosphere (Fig. 12; see
also Waters et al. 1996; Jackman et al. 1996) shows a
minimum at low latitudes as expected (Solomon and
Garcia 1984) from increased quenching by larger
amounts of upper-stratospheric CH, at low latitudes,
which is dueto rising motion in the Tropics transporting
CH, from lower altitudes. As shown in Fig. 12, the
upper-stratospheric CIO minimum moves northward in
northern summer, qualitatively tracking the seasonal
variation in CH, (Kumer et al. 1993), which followsthe
rising motion in the Tropics. Explanation of the ~0.1
ppbv difference in upper-stratospheric ClO for the two
periods shown here is under investigation. Eckman et
al. (1995) found that quantitative agreement of theo-
retical model predictions with ML S upper-stratospheric
ClO measurements is substantially improved by includ-
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Fic. 12. Zonal mean daytime CIO from MLS for January—March 1993 (top) and July—September 1993 (bottom).
The color bar isin parts per billion.

ing 5% branching of the reaction OH + CIO to HCI +
0,, consistent with aconclusion on this reaction reached
earlier by Toumi and Bekki (1993) with regard to match-
ing the Submillimeter Limb Sounder (SLS) measure-
ments of upper-stratospheric CIO and HCI (Stachnik et
al. 1992). Laboratory confirmation of the OH + CIO
reaction with ~6% yield of HCI has now been obtained
(Lipson et al. 1997). Dessler et al. (1996a) used MLS
ClO measurements, along with CLAES CIONO,, and

HALOE NO,, to test predictions of chlorine partitioning
between CIO and CIONO,. Dessler et al. (1996b) also
used MLS CIO, and HALOE and CLAES NO,, to ex-
amine implications for the model ** ozone deficit” in the
upper stratosphere. Khosravi et al. (1998) found a sig-
nificant reduction in the ozone deficit by analyses that
used UARS data (ML S CIO and HALOE NO,, H,0 and
CH,) and a 3D model. Considine et a. (1998) analyze
interhemispheric asymmetry in the upper-stratospheric
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Fic. 13. CIO trends observed by MLS at 2 (top) and 22 hPa (bot-
tom). These data (crosses) are zonal averages for 30°S-30°N latitudes
and the slanted straight lines are fits to the data (adapted from L.
Froidevaux et al. 1998, unpublished manuscript).

ozone trend using an interactive zonal mean model and
UARS data, whereas the model produces interhemi-
spheric asymmetry in the trend as seen in solar back-
scattered ultraviolet observations, analysis of MLS CIO
does not show the asymmetry required for the model
explanation. An increasing trend in upper-stratospheric
ClO, expected from increasing abundances of strato-
spheric chlorine, and a decreasing trend in lower-strato-
spheric ClO, expected from changes in heterogeneous
chemistry during the fallout of Pinatubo aerosols, has
been detected in MLS data (L. Froidevaux 1998, un-
published manuscript), as shown in Fig. 13.

Two-day waves in the stratosphere have been ana-
lyzed by Limpasuvan and Leovy (1995) using MLSH,O
data, and by Wu et al. (1996) using MLS temperatures.
Four-day waves observed in MLS ozone, temperature,
and geopotential height have been analyzed by Allen et
al. (1997) and, in the new nonlinear prototype H,O data,
by Manney et al. (1998b). ML S data have been used in
calculations of stratospheric residual circulation by Ro-
senlof (1995) and Eluszkiewicz et al. (1996). Huang et
al. (1997) analyze ozone diurnal variations observed by
MLS.

e. UARS MLSresults related to the Tropics

Kelvin waves observed in MLS tropical data have
been analyzed by Canziani et a. (1994), Canziani et al.
(1995), and Stone et al. (1995), and MLS observations
of the semiannual oscillation have been analyzed by Ray
et a. (1994). Randel et al. (1993) describe CLAES and
MLS observations of stratospheric transport from the

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 56

Tropics to midlatitudes by planetary wave mixing. Carr
et al. (1995) performed initial analyses of MLS tropical
stratospheric H,O data, and Mote et a. (1995) found
variations in these data that could be related to the an-
nual cycle in tropical tropopause temperatures. More
extensive analyses by Mote et al. (1996), greatly aided
by the use of UARS HALOE H,O and CH,, confirmed
that tropical air entering the stratosphere from below is
marked by its tropopause water vapor mixing ratio and
retains a distinct memory of tropical tropopause con-
ditions for 18 months or more; this analysis implies that
vertical mixing isweak and that subtropical stratospher-
ic “'transport barriers’ are effective at inhibiting trans-
port into the Tropics. Schoeberl et al. (1997) also use
MLS and other UARS data to estimate the dynamical
isolation of the tropical lower stratosphere. Wu et al.
(1998) study the equatorial diurnal tide in the strato-
sphere using MLS temperature data and the Canadian
Middle Atmosphere Model.

f. UARS MLS measurements of upper-tropospheric
water vapor

Knowledge of upper-tropospheric water vapor and its
variations is very important for understanding feedback
mechanisms associated with climate change. Although
not designed for this measurement, the MLS CIO band
isvery sensitive to upper-tropospheric water vapor when
itsFOV is scanned down through the troposphere, which
happens on each limb scan. Features of the UARSMLS
upper-tropospheric water vapor measurements include
the ability to observe through cirrus, to determine ver-
tical structure with more than 1300 profiles per day, and
to obtain measurements at all times of day and night.
The measurement is obtained from continuum emission
(in contrast to well-defined spectral line emission for
other ML S measurements) and currently reliesupon em-
pirical expressionsfor absorption coefficientsdescribing
the continuum emission from water vapor and dry air
near 203 GHz (Read et al. 1995); these expressions are
thought accurate to ~20%. Effects of cirrus ice on the
water vapor measurement are generally expected to be
less than ~20% at 215 hPa (Read et a. 1995). Initial
results, primarily at 215 hPa (Read et al. 1995), showed
that scientifically useful measurements can be produced,
and interesting atmospheric features have been observed
in this preliminary dataset. The data were found rea-
sonably consistent with coincident aircraft measure-
ments (Newell et al. 1996a) and with the expected trop-
ical Walker circulation (Newell et al. 1996b). A prelim-
inary upper-tropospheric water vapor ‘‘climatology”
from MLS has been compared with that of high thick
cloud (Read et al. 1995). Synoptic-scale features have
been observed; one over the east coast of the United
States during March 1993 has been compared with in-
dependent results from the Goddard Space Flight Center
data assimilation model and good qualitative agreement
obtained (Read et al. 1995; Rood et al. 1997). See Chen
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Fic. 14. Tropical Pacific upper-tropospheric water vapor anomalies observed by MLS. These data show deviations from the mean of the
preliminary retrievals of 215-hPa water vapor from UARS MLS. Measurements made within 5° of the equator were included in this plot,
and the data have been temporally smoothed with a Gaussian having 1-month width. Labels along the left axis indicate whether or not an
El Nifio event occurred that year. Note the large increases in upper-tropospheric water vapor during the 1991-92 and, especialy, the 1997—

98 El Nifio events.

et al. (1998) for further comparisons between data as-
similation model results and UARS MLS observations.
Elson et al. (1996) applied spectral analyses to examine
the time evolution of MLS zonal mean data and devi-
ations from the zonal mean. Stone et al. (1996) used
MLS upper-tropospheric H,O measurements to inves-
tigate the structure and evolution of eastward-traveling
medium-scale wave features in the Southern Hemi-
sphere summertime; they found results consistent with
paradigms for the structure and evolution of baroclinic
disturbances. Haas and Pfister (1998) use MLS (and
other) datain asite survey for the future airborne Strato-
spheric Observatory for Infrared Astronomy.

Clark et al. (1998) analyzed variability of ML S upper-
tropospheric H,O tropical data and found an intrasea-
sonal cycle with a period of 30—-85 days evident in the
western Pacific; this cycle is associated with eastward-
propagating disturbances of zonal wavenumbers 1-2,
suggesting it is related to the Madden—Julian oscillation
(Madden and Julian 1971). Newell et al. (1997) found
variationsin MLS tropical upper-tropospheric H,O over
the 1991-94 period to be closely related to sea surface
temperature variations in the eastern tropical Pacific, at

both seasonal and interannual timescales. Figure 14
shows temporal and longitudinal variations observed in
MLS upper-tropospheric H,O over the tropical Pacific
for measurements made from start of mission in late
September 1991 through 1 June 1998. Anomalies as-
sociated with El Nifio sea surface temperature distur-
bancesin 1991-92 and, especially, in 1997-98 are clear-
ly evident in these data. Hu and Liu (1998) usethe MLS
data to analyze the impact of upper-tropospheric hu-
midity on the midlatitude greenhouse effect.

An improved MLS upper-tropospheric water vapor
dataset (with retrievals at 147, 215, 316, and 464 hPa,
and values available both as mixing ratio and relative
humidity with respect to ice) hasrecently been produced
for the entire UARS mission. Figure 15 gives “‘curtain
plots” made from these data that show the vertical var-
iation along the measurement track for one day’s ob-
servations; interesting features are observed and some
of these are discussed in the figure caption. Quantitative
validation of this dataset is now under way (W. G. Read
1998, manuscript in preparation). Sandor et al. (1998)
use the new data in their analyses of the seasonal be-
havior of tropical to midlatitude upper-tropospheric wa-
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Fic. 16. Some initial results of cloud ice at 100 hPa retrieved from UARS MLS radiances at 186 and 203 GHz (adapted from D. L. Wu
et al. 1998, manuscript in preparation) assuming no scattering, which corresponds to assuming a negligible number of particles larger than
~100 uwm. The four panels are for different seasons as indicated, and values indicated by the colored dots are the total ice content within
the MLS observation volume, ~3 km (vertical) by ~300 km (horizontal along the line of sight) by ~30 km (horizontal orthogonal to the
line of sight), reported as average ice density over this volume.

—

Fic. 15. Results for one day from an improved UARS MLS upper-tropospheric water vapor dataset, recently made available for the entire
UARS mission and currently undergoing validation, which has retrieval points at 147, 215, 316, and 464 hPa in the vertical. Data from each
orbit are displayed in separate horizontal panels with the measurement tracks (which descend from 80°N to 34°S latitude and then ascend
back to 80°N) and orbit numbers for the day indicated at the |eft. The horizontal axis of each panel is distance along the measurement track,
with corresponding latitudes given at the top of the figure. The vertical axis is logarithm of atmospheric pressure where pressure ranges
between 464 hPa at the bottom of each panel to 147 hPa at the top. Colors show the retrieved water vapor mixing ratio in parts per million
by volume, on an approximately logarithmic scale given by the color bar at right. White contours give potential vorticity values of (2, 4,
6) X 107 K m? kg* s* calculated from the U.S. National Centers for Environmental Prediction (NCEP) operational data; the contour
labeled 2 is an approximate indication of the tropopause. These results are for 14 March 1993 (Greenwich day) when an intense blizzard
was near the east coast of the United States, and the tropopause along the coast was as low as ~500 hPa (Read et al. 1995; Rood et al.
1997). This low tropopause, indicated both by water vapor from MLS and by potential vorticity calculated from NCEP data, can be seen
in the vertical structure of measurement tracks shown here: around 30°—40°N on the ascending (right) portion of orbit 5 and the descending
(left) portion of orbit 13. The ‘‘Pacific event”” on this day highlighted in Fig. 5 of Rood et al. (1997) is evident around 40°-50°N in the
ascending portion orbit 11 where measurements are along the northeast coast of Asia, and at successive lower latitudes in ascending portions
of earlier orbits where measurements cross a narrower arm of the feature extending nearly to Hawaii (see bottom panel of Fig. 4 in Read
et al. 1995 and Fig. 5b of Rood et al. 1997); this event may not be so evident in earlier versions of the MLS data.
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ter vapor and find seasonally adjusted humidity to be
higher in the Northern Hemisphere than at equivalent
Southern Hemisphere latitudes. They also find the peak
of the frequency distribution of MLS tropical measure-
ments at ~200 and ~300 hPa to be much drier than
mean and median values, and that values of this peak
are drier in the tropical wet than dry season at ~300
hPa in agreement with analyses of other datasets by
Spencer and Braswell (1997) and Chiou et al. (1997).
However, the MLS data at ~150 hPa (where publica-
tions using the other datasets do not report results) show
values of this peak that are wetter in the tropical wet
season than in the dry season, and this new result may
have important implications for feedback mechanisms
affecting climate variability.

Related to upper-tropospheric water vapor, UARS
MLS also has the potential to provide information on
upper-tropospheric cloud ice. Ice and water vapor can
be distinguished by their different effects on MLS ob-
servations near 186 and 203 GHz, and signatures char-
acteristic of ice emission are seen in the data (D. L. Wu
1998, manuscript in preparation). Under the assumption
that the ice particles are smaller than ~100 um (i.e.,
much smaller than the ~1.5-mm wavelength of the ob-
servations) and no liquid water is present, the emission
signal is dependent to first order upon the total ice con-
tent within the field of view and is relatively insensitive
to the particle size distribution. Measurements can then
be easily converted to ice content, and Fig. 16 gives
maps of preliminary results for 100-hPa altitude and
different seasons. The largest observed upper-tropo-
spheric ice abundances are associated with regions of
greatest deep convection (e.g., the tropical west Pacific,
landmasses in summer, and the Indian monsoon), as
expected. More work is needed (and is under way) to
understand the capability and limitations of MLS emis-
sion measurements of upper-tropospheric cloud ice and
to extract information from scattering signals (e.g.,
Evans and Stephens 1995; Evans et al. 1998), which are
seen in the data at lower altitudes where larger particles
and more effects of scattering are expected. Additional
data on the statistics of ice particle sizes at various al-
titudes in the upper troposphere and lower stratosphere
would be helpful for interpreting the MLS measure-
ments.

g. UARS MLS results for atmospheric gravity waves

Analyses of the 63-GHz radiances from MLS have
produced the first global maps of atmospheric temper-
ature variances at ~100 km horizontal scales associated
with gravity wave activity in the stratosphere and me-
sosphere (Wu and Waters 1996a,b, 1997). These ana-
lyses use measurements made near the bottom of each
limb scan where all spectral channels in the MLS 63-
GHz band measure optically thick radiances; in this sit-
uation the different individual channels sense different
atitudes (essentially independent of the limb scan angle)

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 56

depending upon the atmospheric optical depth, which
varieswith the channel spacing from spectral line center,
and a vertical profile is obtained for each 2 s measure-
ment—with better horizontal resolution (but coarser
vertical resolution) than obtained by the** conventional”’
limb sounding used for other MLS measurements. The
results provide information on gravity waves with spa-
tial scales of ~30—-100 km in the horizontal and greater
than ~10 km in the vertical. The mapped variances
show high correlation with regions of strong background
winds that are expected to play a major role in deter-
mining gravity wave amplitudes in the stratosphere and
mesosphere. The observed variance grows exponen-
tially with height in the stratosphere but exhibits near-
zero growth in the mesosphere as might be expected
from wave breaking and dissipation at the higher alti-
tudes. The data also show correlation with surface to-
pography features and regions of tropospheric convec-
tive activity, which are expected sources of gravity
waves. Analysis by Alexander (1997) indicates that the
MLS maps are consistent with model predictions of at-
mospheric gravity wave behavior but that the dominant
patterns in the maps can be explained by the Doppler-
shifting effects of background winds on the gravity
wave spectrum, without requiring any geographical var-
iation in the sources. The extent to which MLS can
provide information on atmospheric gravity wave sourc-
esisacurrent topic of investigation. Preliminary results
by C. McLandress (1998, personal communication) ap-
pear promising in regards to the MLS data providing
quantitative information on the longitudinal variation of
gravity wave sources in the summer subtropics.

h. UARS MLS results for SO, injected into the
stratosphere by volcanoes

Starting within 10 days of launch, and continuing for
approximately two months, MLS observed the three-
dimensional distribution and decay of residual SO, in-
jected into the stratosphere by the Mount Pinatubo erup-
tion that occurred about three months before launch of
UARS. These observations (Read et al. 1993) showed
the Pinatubo SO, mixing ratio maximum to occur
around 26-km altitude with abundances of ~15 ppbv
on 21 September 1991. The observed SO, decay has e-
folding times of 29 days at 26 km and 41 days at 21
km, consistent with expectations that the primary de-
struction of SO, is due to reaction with OH leading to
formation of stratospheric sulfate aerosols. Projected
backward to time of eruption, the total amount of SO,
injected by Pinatubo is estimated from MLS data to be
17 MT, consistent with estimates inferred from other
measurements. SO, injected into the stratosphere by the
South American Lascar volcano was also detected by
MLS on 21 and 22 April 1993 (unpublished results).
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Fic. 17. Signal flow diagram for the Earth Observing System Microwave Limb Sounder (EOS MLS) instrument.

3. The Earth Observing System (EOS) MLS
a. Some general information on EOS MLS

The Earth Observing System (EOS) MLS is sched-
uled for launch on the EOS CHEMISTRY mission at
the end of 2002. The EOS MLS instrument will be
improved over UARS MLS in providing 1) more and
better upper-tropospheric and lower-stratospheric mea-
surements, 2) additional stratospheric measurementsfor
chemical composition and long-lived dynamical tracers,
3) better global coverage and spatial resolution, and 4)
better precision for many measurements. These im-
provements are possible because of 1) advances in mi-
crowave technology that provide measurementsto high-
er frequencies where more mol ecul es have spectral lines
and spectral lines are stronger, and provide greater in-
stantaneous spectral bandwidth for measurements at
lower altitudes; 2) a better understanding of the capa-
bilities of the measurement technique as a result of the
UARS experience; and 3) the EOS near-polar (98° in-
clination, sun synchronous) orbit that alows nearly
pole-to-pole coverage on each orbit, whereas the UARS
orbit (57° inclination) and its precession forces ML S to
switch between northern and southern high-latitude
measurements on an approximate monthly basis, and
critical periods are often missed. EOS MLS observes
in the orbital plane (looking forward), which provides

latitude coverage between 82°S and 82°N on each orbit,
whereas UARS MLS looks to the side in a direction 90°
to the satellite velocity vector. The EOS MLS mea
surement geometry also allows better information to be
obtained along the measurement track: there is some
overlap in the atmospheric paths of adjacent limb scans,
and this is used to advantage in determining variations
in geophysical parameters along the measurement track.

EOS MLS has radiometers in spectral bands centered
near 118, 190, 240, 640, and 2500 GHz. Theradiometers
incorporate advanced technol ogy, including planar-tech-
nology mixers (Siegel et al. 1993) and monolithic mil-
limeter-wavelength integrated-circuit amplifiers (Wein-
reb et al. 1997) as the first stage at 118 GHz. Figure 17
shows a signal flow block diagram for EOS MLS, and
Fig. 18 shows the spectral bands it measures. The ra-
diometers and spectral bandsfor EOS ML Swere chosen
for minimizing the overall complexity of an instrument
to produce the needed measurements and to provide
some limited measurement redundancy (which also
gives a quality check on the measurements). Vertical
resolution of the measurements is generally ~2-3 km,
although this will vary depending upon signal-to-noise
ratio for the particular measurement and there are trade-
offs between vertical resolution and precision. Useful
upper-tropospheric water vapor measurements, for ex-
ample, are expected with ~1 km vertical resolution.
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Fic. 18. EOS MLS spectral bands. The EOS MLS radiometers, except that operating near 118 GHz, are double sideband (having ap-
proximately equal responses from intermediate frequencies, |Fs, above and below the local oscillator, LO, frequency). The spectral bands
in the IF frequencies of these radiometers are shown here, and each band contains a multifrequency filter bank spectrometer. The primary
targeted molecule is indicated for each band, and a minus sign in the molecular symbol indicates the spectral line appears in the lower
sideband of the radiometer. Asterisksindicate |ocations of additional broadband individual filters, and bulletsindicate | ocations of spectrometers
with high spectral resolution for mesospheric signals. Numbers inside boxes indicate the IF frequencies of spectrometers that are centered
on spectral lines of target molecules, and include the effects of orbital motion Doppler shifts.

Each EOS MLS limb scan, under nominal operation,
will be performed approximately every 1.5° great circle
along the orbital track (about 165 km distance and 25
s in time), which is ~3X more dense than on UARS
MLS. The nominal scan range will be from ~2 to ~60
km above the earth’'s surface, and an individual mea-
surement integration time is ~0.16 s. The vertical scan
is programmable and alternative scan patterns can be
chosen to provide more intense measurements of certain
altitude regions or to provide measurements at higher
atitudes in the mesosphere and lower thermosphere.
Figure 19 shows the suite of measurements planned
from each of the EOS MLS radiometers.

b. EOS MLS measurements for stratospheric
chemistry

EOS ML Swill provide key measurementsthroughout
the stratosphere to test our understanding of its chem-
istry and provide new insights and early detection of
changes. The lower-stratospheric measurements are par-
ticularly important since they will occur when 1) lower-
stratospheric ozone, especially in the Arctic, is vulner-
able to increased depletion due to effects of small de-
creases in temperature and potential changes in other
parameters such as an increase in H,0O; 2) stratospheric
chlorine loading is at or near its maximum; and 3) some
recovery of ozone at low altitudesin the Antarctic ozone
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hole might be detectable in the later portion of the mis-
sion (Hofmann 1996) to verify that CFC regulations are
having the expected effect.

The simultaneous and commonly calibrated MLS
measurements of ClO, HNO,, H,O, HCI, N,O, O,, and
temperature provide a powerful suite to improve un-
derstanding of key processes that could lead to greater
ozone loss in the Arctic and to provide diagnostics of
observed ozone loss. CIO abundances allow estimates
of the amount of ozone loss due to chlorine chemistry.
Abundances of HNO, and H,O, and temperature, crit-
ically affect the microphysics leading to formation of
surfaces upon which heterogeneous chemistry can occur
and convert chlorine from reservoir to reactive forms.
Abundances of HNO, also affect the rate at which re-
active chlorine is converted back to reservoir forms.
Measurements of N,O, along-lived tracer, help separate
chemical and dynamical causes of observed changes.
Measurements of OH, HO,, BrO, and HOCI, along with
those mentioned above, will improve our understanding
of tropical and midlatitude stratospheric ozone changes.
The suite of measurements includes key species in the
HO, and CIO, cycles now thought to dominate tropical
and midlatitude lower-stratospheric ozone loss. The
ability of MLS to observe through dense aerosol will
be critical for monitoring stratospheric chemistry after
any volcanic eruptions that cause large increases in
stratospheric aerosol loading.

The EOS MLS measurements of stratospheric OH
will fill a serious gap in global observations to date
because, as stated in the report of a workshop on ““ At-
mospheric Trace Gas Measurement for the Year 2000
and Beyond,” published in the January/February 1995
issue of the National Aeronautics and Space Adminis-
tration EOS publication The Earth Observer, 1) OH

controls the conversion of CH, to H,0O, 2) reactions of
HO, radicals are the most important loss mechanisms
for ozone in both the lowest and highest regions of the
stratosphere, 3) reactions with OH control the rate of
oxidation of sulfur gases (SO,, OCS) to sulfate aerosol,
and 4) OH isin competition with heterogeneous chem-
istry in controlling the transfers between radical species
in both the NO, and Cl, systems. ““OH may be a well-
behaved constituent under awide range of circumstanc-
es, as must be assumed in models in absence of mea-
surements to the contrary, but it is essential that this
assumption be tested.”

The simultaneous measurements of H,O, cirrus ice
content, temperature, O, CO, and N,O in the region of
the tropopause should improve our understanding of
exchange processes between the stratosphere and tro-
posphere. The MLS measurements are especialy im-
portant in the Tropics where they can be made in the
presence of cirrus, which can degrade techniques op-
erating at ultraviolet, visible, and infrared wavelengths.

¢. EOS MLS measurements for
upper-tropospheric chemistry

EOS measurements in the upper troposphere include
H.,O, O,, CO, N,O, HCI, ice content of dense cirrus,
temperature, and pressure. The simultaneous measure-
ment of O,, and of CO, which serves as a tracer of air-
mass origin and motion, should provide new informa-
tion on the global distribution, variation, and sources of
O, in the upper troposphere. Some of the larger vari-
ations expected in upper-tropospheric O, and CO due
to biomass burning (e.g., Thompson et al. 1996; Pick-
ering et al. 1996) should be detectable in daily maps
from EOS ML S but smaller variations will require maps
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built up from averages of observations over a longer
period of time. Cirrus clouds near the tropopause can
potentially lead to the activation of chlorine and ozone
loss (Bormann et al. 1996); models of this process (Sol-
omon et al. 1997) fall short of explaining the pro-
nounced minima in upper-tropospheric O, detected in
the presence of ice clouds by ground-based lidar (Rei-
chardt et al. 1996). EOS ML S should help to understand
such phenomena on a global scale since it concurrently
measures O, and cirrus ice, as well as CO, which can
likely help identify regions of convective uplift where
low O, might be due to dynamics, and N,O and HCI,
which can help identify air of stratospheric origin and
provide estimates of the amount of inorganic chlorine
available for activation by heterogeneous chemistry.
The improved EOS ML S ability to measure stratospher-
ic ozone column, over that of UARS MLS, should lead
to better determinations of tropospheric ozone obtained
from residuals between total column ozone measured
by other sensors and the stratospheric column from EOS
MLS.

d. EOS MLS measurements for climate
variability studies

EOS MLS measurements relevant to climate vari-
ability studies include H.,O, cloud ice content, temper-
ature, and O,. The MLS measurements of H,O in the
upper troposphere are expected to be especially valuable
because of uncertainties in climate feedback mecha-
nisms associated with upper-tropospheric H,O (e.g.,
Lindzen 1990) and the ability of MLS to provide such
measurements in the presence of cirrus and with good
vertical resolution. Some of the more interesting phe-
nomena related to climate variability and feedback are
associated with the behavior of upper-tropospheric wa-
ter vapor in and around regions of deep convection in
the Tropics, where the presence of cirrus can degrade
measurements by shorter-wavelength techniques. The
simultaneous ML S measurements of water in both the
vapor and ice phases, along with temperature (and CO
as a possible tracer of air motion), should provide new
information on processes that affect formation of cirrus
ice particles, which can have important climatic effects.
The MLS temperature measurements complement those
from infrared techniques in not being affected by var-
iationsin stratospheric aerosol content or CO,, and com-
plement those from nadir-looking microwavetechniques
in having better vertical (but poorer horizontal) reso-
lution.
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